Electrostatically driven synthetic microjet arrays as a propulsion method for micro flight by Parviz, Babak Amir et al.
TECHNICAL PAPER
Babak A. Parviz Æ Khalil Najafi Æ Michael O. Muller
Luis P. Bernal Æ Peter D. Washabaugh
Electrostatically driven synthetic microjet arrays as a propulsion method
for micro flight
Part I: principles of operation, modeling, and simulation
Received: 29 October 2004 / Accepted: 17 December 2004 / Published online: 26 July 2005
 Springer-Verlag 2005
Abstract A novel propulsion method suitable for mi-
cromachining is presented that takes advantage of
Helmholtz resonance, acoustic streaming, and even-
tually flow entrainment and thrust augmentation. In this
method, an intense acoustic field is created inside the
cavity of a Helmholtz resonator. Flow velocities at the
resonator throat are amplified by the resonator and
create a jet stream due to acoustic streaming. These jets
are used to form a propulsion system. In this paper a
system hierarchy incorporating the new method is
described and the relevant governing equations for the
Helmholtz resonator operation and acoustic streaming
are derived. These equations can predict various device
parameters such as cavity pressure amplitude, exit jet
velocity and generated thrust. In a sample embodiment,
an electrostatic actuator is used for generation of the
initial acoustic field. The relevant design parameters for
the actuator are discussed and an equivalent circuit
model is synthesized for the device operation. The circuit
model can predict the lowest order system resonance
frequencies and the small signal energy conversion
efficiency. A representative resonator performance is
simulated and it is shown that velocities above 16 m/s
are expected at jet nozzles. The calculated delivered
thrust by this resonator with 0.7 lm diaphragm
displacement amplitude is 3.3 lN at the resonance
frequency.
List of symbols
Acor Area correction factor
AD Diaphragm area
AE Effective throat area
AT Geometric throat area
c Speed of sound
d0 Initial actuator gap
f Frequency of operation
hT Throat height
L Perforation hole depth
l Perforation hole opening size
LC Diaphragm-throat distance
LD Diaphragm length
LE Equivalent inertia length of the throat
LT Geometric throat length
LV Equivalent viscous length of the throat
M Distance between perforation holes
t Diaphragm thickness
Vbias DC bias voltage
Vc0 Initial cavity volume
l Air viscosity
r Diaphragm residual stress
e0 Permitivity of vacuum
qair Air density
xc Cavity resonance frequency
qD Diaphragm density
xD Diaphragm resonance frequency
1 Introduction
Recent rapid progress in the field of Micro Electro
Mechanical Systems (MEMS) has created a new
opportunity for studying fluid dynamics in the micron
scale by providing new actuation and sensing mechan-
isms. The ability to fabricate micro actuation mechan-
isms has led to the exploration of these actuators for the
propulsion of micron-scale flying vehicles. In this paper,
we aim to study the potential use of an array of synthetic
B. A. Parviz (&)
Department of Electrical Engineering, University of Washington,





Department of Electrical Engineering and Computer Science,
Center for Wireless Integrated Micro Systems,
University of Michigan, Ann Arbor, MI 48109-2122, USA
M. O. Muller Æ L. P. Bernal Æ P. D. Washabaugh
Aerospace Engineering Department, University of Michigan,
Ann Arbor, MI 48109-2122, USA
Microsyst Technol (2005) 11: 1214–1222
DOI 10.1007/s00542-005-0599-0
microjets as a means for thrust generation and propul-
sion for Micro Air Vehicles (MAV).
Aside from studies on insect flight (Weis-Fogh 1976;
Nachtigall 1968; Brodsky 1994; Dalton 1975; Dickinson
and Lighton 1995; Alexander 1995), investigating flight
in the micro-scale has a short history. Crarey et al.
(1992) suggested that building a micro flying machine
was feasible considering the efficiency of MEMS actua-
tors and energy storage content of solid-state batteries.
As for potential applications, they suggested environ-
mental monitoring, non-chemical pest control, studies of
artificial life and artificial colonies, and personal
robotics. For propelling such a micro flyer, both mi-
micking the flapping mechanism of insects and other
approaches such as application of rotary propellers have
been studied in the past few years. Externally actuated
flapping wings (Shimoyama et al. 1994, 1995; Arai et al.
1995; Pornsin-Sirirak et al. 2000) and rotary wings
covered by a magnetic layer (Miki and Shimoyama
2000) have demonstrated lift force generation. The
external actuation mechanism necessary to operate these
systems made them unsuitable for constructing an
autonomous MAV with the exception of the design
presented in (Pornsin-Sirirak et al. 2001). Other ap-
proaches to micro propulsion include the use of solid
propellants in a digital micro propulsion system for
small satellites (Lewis et al. 1999) and micro rockets
(Lindsay et al. 2001; Teasdale et al. 2001), and a micro
turbine that could potentially be used for thrust
generation in a modified format (Lin et al. 1999). The
main problems with combustion-based systems are
excessive heat generation and operation at very high
temperatures, which make them unsuitable for many
applications. Also maintaining a large temperature
gradient, essential for achieving high performance in a
thermal system, is very difficult in small scale due to the
large surface to volume ratio of structures. Attempts to
build low temperature devices such as liquid vaporizing
thrusters (Wallace et al. 1999) and micro fans (Kladitis
et al. 2001) have yet to show sizable thrust generation.
In this paper we propose and study an alternative jet
propulsion system suitable for application in aMAV. The
propulsion system operates at low temperatures without
rotary or sliding parts. It also does not require large re-
lative displacements. These are all attractive features for
simplifying the microfabrication process for making the
system. The new propulsion system is based on genera-
tion of an acoustic field inside the cavity of a Helmholtz
resonator and the subsequent momentum transfer due to
acoustic streaming and flow entrainment and thrust
augmentation. The focus of this paper is on developing
correlations for performance of such a system andmainly
dealing with the acoustic streaming and Helmholtz re-
sonance phenomena. Assuming that the acoustic cavity is
driven by an electrostatic actuator, we derive the basic
governing fluidic, structural, and electrostatic equations
that describe the system. These equations are summarized
in the paper in order to provide a reference for future use
in designing similar systems. The derived equations are
also used to simulate the performance of a micro-
machined prototype. These equations form the basis for
development of an equivalent circuit model for device
operation and also establishment of design guidelines.
Although our main goal is to study the merits of these jets
for propulsion, many other applications of the microjet
arrays can be envisioned such as flow control (Rathna-
singham and Breuer 1997), cooling of integrated circuits
(Chou et al. 2002; Stefanescu et al. 1999), and the use of
the jets as components in micro chemical reactors for
pumping and mixing (Wang and Menon 2001).
2 System overview
Figure 1 shows the hierarchy of the microjet generation
array. An electrostatically actuated Helmholtz resonator
forms the core of the system (Washabaugh et al. 2000).
The Helmholtz resonator consists of a resonance cham-
ber, throats and anoscillating diaphragm. The diaphragm
is juxtaposed against a perforated electrode and is ac-
tuated electrostatically by application of a varying voltage
between the electrode and the diaphragm. The oscillatory
motion of the diaphragm creates an acoustic field inside
the resonance chamber. The initial flow velocity is am-
plified by the resonator and forms a jet flow upon exiting
the throat due to acoustic streaming. The exit jet flows of a
few resonators are combined in an ejector shroud as
shown in Fig. 1 to create a larger jet and achieve thrust
Fig. 1 Propulsion system
hierarchy
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augmentation by entraining more flow into the shroud
(Bernal and Sarohia 1983). The placement of a few
Helmholtz resonators around an ejector opening forms
theMicromachined ACoustic Ejector (MACE). An array
of MACEs can be used to form an ACoustic Thruster
(ACT). In Fig. 1, four ACTs are used to propel and
control aMicromachinedAirborne Platform (MAP).Our
goal here is to investigate the governing equations for the
Helmholtz resonator and acoustic streaming and jet for-
mation at the throat of the resonator. The performance of
the MACEs and other higher-level system units will be
presented in a future paper.
3 Acoustic streaming
Acoustic streaming constitutes the heart of the jet gen-
eration mechanism in the proposed propulsion scheme.
In brief, it is the generation of jet streams by intense
acoustic fields. This is a second order non-linear effect
that can be caused by development of net forces due to
Reynolds stresses correlated with loss mechanisms in the
field (Lighthill 1978; Muller et al. 2000). Operating at
relatively lower frequencies of about 1.3 kHz, micro-
machined synthetic jets producing exit velocities as high
as 17 m/s have been demonstrated by M. Allen and
coworkers (Coe et al. 1994, 1995). Initiation of stream-
ing requires high velocity amplitude fluctuations for the
fluid particles in the acoustic field (Smith and Glezer
1998). Efficient streaming in turn can transfer consider-
able momentum to the medium. In order to amplify the
fluctuations generated by the MEMS actuator and
initiate acoustic streaming, we have employed a
Helmholtz resonator in our propulsion system.
4 Helmholtz resonator thrust generation through
acoustic streaming
We propose a model that combines acoustic streaming
and Helmholtz resonance and elucidates a correlation
for the thrust generated by the system (Muller et al.
2000). The key assumptions are that the acoustic
wavelength is much larger than system dimensions and
that boundary layer separation at the throat exit causes
a topological change of the stream lines. The justifica-
tion for the later assumption is the synthetic jet results of
(Coe et al. 1994, 1995) and others. These results cannot
be explained by classical acoustic streaming theory,
which assumes small amplitude oscillatory motion
without topological change of the flow field. The con-
servation laws of fluid mechanics can be used to derive a
model of the flow. The model can be cast in the form of
inertia, compliance, damping and forcing terms. Inertia
terms are associated with the air mass in oscillatory
motion in the throat. Damping terms are caused by
friction in the throat and orifice and by boundary layer
separation effects. Acoustic radiation at the throat of the
resonator also contributes to the loss of energy from
the system. The compliance terms are associated with
compressibility of the air mass in the resonator cavity.
The forcing term results from the change of the cavity
volume caused by the motion of the diaphragm.
4.1 Flow through the resonator throat
The line integral of the momentum equation along a
streamline gives the equation relating the throat exit
velocity to the pressure in the cavity. For the outflow
part of the cycle, a typical streamline originates in the
resonator cavity as shown in Fig. 2a. The line integral is
evaluated between the cavity and the exit plane of the
throat as shown in the figure. The flow is assumed to be
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where ue(t) is the maximum velocity at the exit of the
throat, P(t) = PcPamb the relative pressure in the
resonator cavity, and q (t) is the air density in the
resonator cavity. For the inflow part of the cycle, typical
Fig. 2 a Outflow part of the cycle. b Inflow part of the cycle.
Diaphragm motion is exaggerated for clarity. Not to scale
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streamlines are shown in Fig. 3b. Boundary layer
separation causes the pressure to be uniform at the
throat–cavity interface and equal to the cavity pressure.
In this case the line integral is evaluated between



















The numerical coefficients are valid only for a two-di-
mensional throat geometry (i.e. throat area AT  hT2).
It is also assumed that the equivalent LE and LV for the
inflow and outflow parts of the cycle are equal. This is
justified by the observation that these equivalent lengths
scale with the geometrical length, LT, and cross section
area, AT , of the throat. The equivalent inertia length of
the throat is given by




The second term in this equation accounts for the inertia
of the air mass moving inside the resonator cavity.
Damping is associated with the last two terms of
Eqs. 2 and 3. The first term is proportional to the square
of the exit velocity and is due to flow separation at the
throat exit. Friction in the throat is characterized by LV,
the equivalent viscous length of the throat. The magni-
tude of LV is determined by the resonator geometry and
Reynolds number.
4.2 Cavity compliance
The resonator cavity compliance and the forcing term are




ðqVcÞ ¼ queAE ð5Þ
where AE is the effective area of the throat and Vc is the
cavity volume. The streamline topology changes
discussed above imply that the air density in the throat is
different during the inflow and outflow parts of the
cycle. It follows assuming isentropic compression of the
























where c is the speed of sound. The effective area of the
throat, AE, is always less than the geometrical area, AT,
because of the viscous effects. At high Reynolds num-
bers, AE @ AT. There is only a small correction due to the
thin viscous region near the wall (Ekman boundary
layer). At low Reynolds numbers the viscous effects
dominate. A parabolic velocity profile develops in the
throat which gives AE = 2/3 AT for a two-dimensional
throat geometry.
4.3 Thrust generation
The thrust produced by the Helmholtz resonator can be
evaluated by considering conservation of momentum for
the flow outside the resonator. The time integral of the
momentum flux divided by the period of oscillation gives












where T is the period of oscillation, and AJE is the ef-
fective area of the throat for thrust. At high Reynolds
numbers, the effective area of the throat equals the
geometrical area except for boundary layer effects,
which are generally small, i.e. AJE = AT.
4.4 Acoustic radiation
An important means for the transfer of energy out of the
Helmholtz resonator system especially at low amplitudes
of oscillation is acoustic radiation. In order to
incorporate this into the model, the displacement of a
fluid element at the throat of the Helmholtz resonator, n,
can be considered. If viscous losses are negligible, the








þ sn ¼ AEPejxt ð9Þ
Fig. 3 The equivalent circuit model for the Helmholtz resonator
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In which m is the effective mass of the fluid in the throat,
Rr the term describing the acoustic radiation, s is the
stiffness of the cavity and the right hand side of the














clearly the second term on the left hand side acts as a
damper. In the absence of external forcing, this causes
the exit velocity to approach zero after a few cycles. If it
is assumed that a fluid element oscillates harmonically in
the throat of the resonator and the throat radiates sound
into the surroundings as an open-ended pipe, for the
terminal radiation impedance of a baffled piston with
area AE, one can write (Kinsler et al. 1982):
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in which x is the angular frequency of the wave, a the
radius of the opening and J1 is the first order Bessel
function. When x a  c, which is the case for most
micro systems due to their small dimensions, the above

















The radiation reactance acts as mass loading for the
system and can be neglected without introducing a large
error in most cases. The resistance term, Rr, can be used
to determine the energy loss due to radiation.
5 System modeling
Using the above equations, the performance of a pro-
totype micro propulsion system utilizing a Helmhotlz
resonator can be modeled. Our candidate resonator unit
is shown in Fig. 2. The initial acoustic field in the
resonance chamber is generated by an electrostatic
actuator. We begin with outlining the important design
aspects of the electrostatic actuator and then present the
complete modeling results.
5.1 The electrostatic actuator
The electrostatic actuator in this system consists of two
conductive parallel plates. One of the plates is perforated
to reduce damping. The electrostatic attraction force
between the plates, F(d), can be written as:






in which d is the distance between the two plates, 0 the
permitivity of the vacuum and Aeff is the effective area of
the plate. For perforated plates, if the fringing fields are
neglected, Aeff is be the total area minus the area of
perforations. If the perforated plate is stationary and the
other plate (the diaphragm) is under high tension, a








þ x2DhÞ ¼ F ðdÞ ð16Þ
in whichAD is the area of the diaphragm, tD the thickness,
h the center deflection, qD the density, andxD is related to
the resonance frequency of a square diaphragm as:






Acoustic streaming based propulsion systems should
operate at high frequencies and thus the diaphragm
tension (r) in the above formula assumes a large value.
5.2 Air damping in the electrostatic actuator
The effect of the air flow in the actuator gap and per-
forations has two components, one acting as a damper
and the other as a spring (Chen and Yao 1996; DaSilva
et al. 1999; Minami et al. 1999). Exact modeling of this
effect requires finite element simulations; however, a
simple model can be used to investigate the damping
effect to the first order (Skvor 1967). If the flow through
the perforations and the gap is considered to be laminar
and incompressible, the damping force can be divided to
two components. One is due to the flow parallel to the
plates in the gap and the other is due to the flow inside
the perforations. The pressure required to force the air
through the gap for one hole of the perforation can be


























in which l is the viscosity of air, M the center to center
distance between the holes in the perforation, d the
distance between the two plates, h the center deflection,
and l is the size of the square perforation hole. If the air
flow through the holes is approximated as fully devel-
oped pipe flow (Olsen and Wright 1990), the pressure
required to move the volume of air per hole, or the







in which L is the depth of the perforation hole. Fully
developed pipe flow is not a valid assumption for a
general case; however, it provides a good approximation
of the flow for the design that is simulated in the next
section considering the aspect ratio of the openings. By
using Eq. 21, the total damping pressure can be written




PD1 þ PD2ð Þ ð22Þ
The preceding coefficient is for correction due to the
non-planar shape of the bent plate. For a constant Ar =
l2/M2 = cte, S and B(S) are constants and thus












To find the optimum size of l
@
@l
PD ¼ 0 ð24Þ








Note that B should always assume a positive value.
5.3 Small signal equivalent circuit model
A small signal equivalent circuit model can be derived
for the device at the onset of streaming. In this model it
is assumed that the main mechanism for energy transfer
from the device is acoustic radiation. By using equations
2, 6, 13, 15, 16, 18 and 21, the transfer function in the S
domain for an equivalent circuit presentation can be
written as:




S2 þ p2bd4qDt S þ f. . .g
ð26Þ
f. . .g ¼ 
qLEx4cAD
AEqDt







This can be synthesized to form the circuit shown in
Fig. 3. Cp is the parasitic capacitance associated with the







































































PE0 is the electrostatic force between the actuator plates
prior to deflection and appears in the equations as a
result of linearization of the forcing term. Here it is
assumed that the input voltage consists of a large DC
component Vbias and a small AC component VD.
Two important resonance phenomena interact in the
complete system. The cavity Helmholtz resonance that is
signified by xc and the diaphragm resonance shown by
xD. The first LC tank in the circuit with L1 and C1 has a
resonance frequency very close to the diaphragm










The bias voltage lowers the resonance frequency and
thus effectively ‘‘softens’’ the spring constant of the
diaphragm. The other important resonance frequency in
the system, xc, is directly matched with the resonance
frequency of the L2 and C2. However, due to the
presence of the frequency dependent resistance R3, the
resonance frequency of the whole LC tank does not
match the resonance frequency derived from L2 and C2.
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It is very important to note that although the system has
two distinct resonance frequencies that do not inevitably
match, in general the maximum power delivery of the
system appears at a frequency in between the two. An
example follows shortly. The resistors in the circuit,
model the loss of energy from the device as expected. R1
is related to the losses due to flow through perforations
and R2 models the viscous losses in the cavity. In the
model, the radiation element is shown as a frequency
dependant resistor R3. The power consumed on this
resistor shows the output power of the system at low
frequencies.
6 Simulation results
Both the small signal model and direct solution of the
differential equations with MATLAB were used to
simulate the behavior of the propulsion system. The
typical parameters for the simulated device where
chosen to match fabricated micromachined devices
described in Parviz et al. (2005) (Table 1). Assuming
0.7 lm diaphragm displacement the system differential
equations can be numerically solved to yield the exit jet
flow velocity as shown in Fig. 4. This system has the
cavity resonance frequency of 59.1 kHz and diaphragm
mechanical resonance frequency of 104.7 kHz. Figure 5
shows the calculated acoustic power output of a
resonator. As expected the system has two peaks, one at
50 kHz and one at 175 kHz. Note that these peaks do
not coincide with the two intrinsic resonance frequencies
of the system, xc and xD. Figure 6 shows the calculated
energy delivery efficiency of the system. This curve has
only one peak (32% at 115 kHz) that is located close to
the resonance frequency of the diaphragm. This suggests
that for small amplitude actuations, the efficiency is
mainly determined by the diaphragm rather than the
cavity. For a good and efficient design, the two
resonance points of the system should be designed to be
as close as possible so that the maximum efficiency point
can be close to a maximum point for the output power.
7 Conclusions
We have introduced a novel propulsion system based on
acoustic streaming. The propulsion system takes
advantage of the Helmholtz resonance effect to generate
high flow oscillation velocities. These oscillations are
converted to a microjet through acoustic streaming and
are used to generate thrust. A candidate architecture for
fabrication of a microjet array is suggested using a high
frequency electrostatic actuator to generate the initial
acoustic field in the resonance cavity. This embodiment
does not have sliding or rotary parts and does not
require large relative displacements. These are all
attractive features and simplify the microfabrication of
the device.
We have derived the governing flow equations for this
device. We have also considered the relevant structural
and electrostatic equations for the MEMS electrostatic
actuators that drive the acoustic cavities. Damping
forces play a critical role in the operation of the
electrostatic actuator. An optimum design exists for
perforations on the actuator back plate to minimize the
air damping effect if linear and flat motion of the
diaphragm is considered. Equation 25 depicts this value.
Numerical solution of the governing equations can be
used to predict various system parameters such as
pressure fluctuations in the Helmholtz resonator cavity,
output flow velocity, thrust, and equivalent flow lengths.
In order to combine the electrostatic, fluidic and struc-
tural mechanics effects in the device in a unified model,
an equivalent circuit model is synthesized based on the
governing equations. Small signal energy conversion
efficiency of the system can be found by simulating the
equivalent circuit model and calculating the power
consumption on elements representing viscous losses
and radiation in the system. A sample device is
simulated and it is shown that jet exit velocities
exceeding 16 m/s can be generated. This device had two
Table 1 Helmholtz resonator structure data
Parameter Value
Diaphragm area 1200 · 1200 lm
Diaphragm thickness 1.8 lm
Diaphragm residual stress 79.44 MPa
Diaphragm resonance frequency 104.7 kHz
Chamber depth 35 lm
Chamber length 1730 lm (effective)
Chamber width 1350 lm
Throat length 15 lm
Throat height 15 lm
Throat width 1406 lm (effective)
Helmholtz resonance frequency 59.1 kHz
No. of throats 2
Fig. 4 Calculated output jet velocity as a function of frequency for
0.7 lm displacement of the diaphragm
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resonance frequencies at 50 and 175 kHz and had a 32%
maximum energy conversion efficiency for small signal
operations.
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